In many mammals, after semen deposition, a subpopulation of the sperm is transported to the lower oviduct, or isthmus, to form a functional sperm reservoir that provides sperm to fertilize oocytes. The precise molecular interactions that allow formation of this reservoir are unclear. It is proposed that binding of sperm receptors (lectins) to their oviductal cell ligands is accomplished by glycans. Previous results indicated that Lewis trisaccharides are present in glycosphingolipids and O-and N-linked glycans of the porcine isthmus and that Le X -containing molecules bind porcine sperm. Immunohistochemistry indicated that the Lewis structures identified by mass spectrometry were, in fact, Lewis X (Le X ) trisaccharides. These motifs were localized to the luminal border of the isthmus. Assays using fluoresceinated glycans showed that 3-O-sulfated Le X (suLe X ) bound to receptors localized on the head of nearly 60% of uncapacitated boar sperm but that the positional isomer 3-O-sulfo-Le A (suLe A ) bound to ,5% of sperm. Sperm also bound preferentially to suLe X made insoluble by coupling to beads. Capacitation reduced the ability of suLe X to bind sperm to ,10%, perhaps helping to explain why sperm are released at capacitation. Pretreatment of oviduct cell aggregates with the Le X antibody blocked 57% of sperm binding to isthmic aggregates. Blocking putative receptors on sperm with soluble Le X and suLe X glycans specifically reduced sperm binding to oviduct cells up to 61%. These results demonstrate that the oviduct isthmus contains Le Xrelated moieties and that sperm binding to these oviduct glycans is necessary and sufficient for forming the sperm reservoir.
INTRODUCTION
Internal fertilization is part of a reproductive strategy that requires mature mammalian male and female gametes to meet in the female reproductive tract. On semen deposition in the female reproductive tract, a fraction of the ejaculated spermatozoa is transported to the lower oviduct, also called isthmus, which retains sperm for variable periods (from hours to weeks) [1] , in what may be a species-specific fashion. Presence of sperm in the oviduct was recognized as an essential modulator of fertilization when Chang [2] and Austin [3] first demonstrated that sperm had to inhabit the oviduct for a period of time to achieve normal fertilization rates in vivo. One way the oviduct regulates sperm function is through the direct interaction between the spermatozoa and the apical region of the epithelial cell lining of the isthmus [4] . The epithelial cells of the isthmus bind morphologically normal spermatozoa [5] to accommodate the temporal variability between semen deposition and ovulation [4] . Sperm-isthmic cell interaction induces a quiescent state in sperm and prolongs viability [4, 6] , perhaps due to delayed capacitation changes in calcium uptake and protein phosphorylation [6] [7] [8] . The formation of a ''functional sperm reservoir'' [9] in the mammalian oviductal isthmus is most likely a physiological adaptation to lengthen sperm life span and allow gradual release of a finite number of fertilization-competent sperm to move toward the fertilization site, therefore reducing the chances of polyspermy [10] .
The precise identity of the molecular interactions that allow the establishment of the sperm reservoir is not clear; however, the involvement of glycans in this process has been documented in several mammals, including cattle, swine, rats, and hamsters [11] [12] [13] [14] [15] . Binding of porcine sperm to oviductal epithelial cells, like in other species, involves carbohydrate recognition [13, 16, 17] . Removal of N-linked oligosaccharides from glycoproteins results in the reduction of the ability of boar sperm to bind oviductal explants in vitro [17] . Recently, we employed a novel glycomic approach to identify glycans that bind boar sperm [18] . A glycan array containing 377 simple and complex oligosaccharides was incubated with uncapacitated sperm in suspension to test their ability to recognize specific glycan residues. Glycans containing biantennary a2,6-sialylated N-acetyllactosamine (bi-SiaLN) or Lewis X (Le X ) motifs were sufficient to tether porcine sperm in vitro. Additionally, mass spectrometry analysis of glycans from sow isthmic epithelial cells indicated that biantennary lactosamine with a sialylated terminus and Lewis structures were found in N-and O-linked glycans. Nevertheless, the precise Lewis isomer was not identified.
Considering that glycans with Le X trisaccharides bound porcine sperm abundantly, our goal was to test whether Le X glycan residues were necessary for binding oviduct cells in vitro. We localized Le X residues in the isthmic epithelium and Le X binding sites on uncapacitated sperm. In addition, we blocked the receptors for Le X on sperm and the sugar ligands on the isthmic epithelium to determine the functional importance of this glycan moiety in the binding of uncapacitated boar sperm to isthmic cells. Our findings indicate that Le X moieties are involved in adhesion between sperm and oviduct cells that leads to formation of the porcine sperm reservoir.
MATERIALS AND METHODS

Collection and Processing of Sperm
For each replicate, semen was collected from three to five mature boars by Prairie State Semen, Inc.; extended in Preserve XLT extender (Continental Plastics); cooled to 178C; transported to the laboratory; and processed within 24 h after collection. The extended semen was pooled, and 3 ml were washed through a Percoll cushion containing a mixture of 4 ml of noncapacitating dmTALP (NC-TALP; 2.1 mM CaCl 2 , 3.1 mM KCl, 1.5 mM MgCl 2 , 100 mM NaCl, 0.29 mM KH 2 PO 4 , 0.36% lactic acid, 0.6% polyvinyl alcohol, 1 mM pyruvic acid, 35 mM HEPES, [pH 7.3], sterile filtered), 0.6 ml of 103 HBS (1.3 M NaCl, 40 mM KCL, 10 mM CaCl 2 , 5 mM MgCl 2 , 140 mM fructose, 5% Fraction V BSA, sterile filtered), and 5.4 ml of Percoll for 10 min at 800 3 g. The resulting pellet was resuspended in 5 ml of NC-TALP and centrifuged for 3 min at 600 3 g. The final sperm concentration was estimated by hemocytometer, and only those samples .80% motile sperm were used for the experiments.
Sperm Labeling with Fluoresceinated Glycans
Labeling of capacitated and uncapacitated sperm with fluoresceinated Lewis moieties was performed to identify the sites of glycan binding. Capacitation was induced by incubating sperm with Cap-TALP for 4 h at 398C (2.1 mM CaCl 2 , 3.1 mM KCl, 1.5 mM MgCl 2 , 100 mM NaCl, 0.29 mM KH 2 PO 4 , 0.36% lactic acid, 26 mM NaHCO 3 , 0.6% BSA, 1 mM pyruvic acid, 20 mM HEPES pH 7.3, 10 units/ml penicillin, 10 lg/ml streptomycin). The uncapacitated sperm group was incubated in NC-TALP for 4 h at 398C, and medium in which sodium bicarbonate was replaced by an equimolar quantity of HEPES and BSA was replaced by an equal mass concentration of PVP. Sperm concentration was adjusted to 1.5 3 10 7 cells/ml and immobilized with 0.01% formaldehyde. Sperm were incubated with various glycans coupled to a 30-kDa fluoresceinated polyacrylamide chain. From 0.8 to 0.9 lg of each sugar was coupled to 1 mg of polyacrylamide. A fluorescein-conjugated glycan at 50 lg/ ml [19] was added to the sperm suspension and incubated for 30 min at 398C. Following incubation, 10 ll of the sperm were transferred onto a microscope slide and under a coverslip. The samples were visualized under fluorescence microscopy and Nomarski optics. A minimum of 100 sperm was observed for each group.
Sperm Recognition of Glycans Coupled to Beads
Streptavidin-Sepharose High Performance beads (GE Healthcare) were used to test the ability of uncapacitated boar sperm to bind to immobilized glycans on a cross-linked agarose matrix. The average particle size of the agarose beads was 34 lm. Glycans coupled to a biotinylated polyacrylamide core were attached to streptavidin-Sepharose beads. Each 30-kDa molecule of polyacrylamide had 20% glycan and 5% biotin by molarity. Approximately 60 lg of biotinylated glycan conjugate were incubated with 20 ll of streptavidinSepharose beads for 90 min at room temperature, and then beads were washed. Once the glycan-coupled beads were ready for use, a 100-ll droplet containing 2 3 10 5 sperm/ml was prepared to receive 2 ll of glycan-coated beads. The droplets were covered with mineral oil and incubated in 5% CO 2 and 95% air. Sperm and beads were incubated for 30 min at 398C and then observed by microscopy. Nonspecific binding was determined by incubating sperm with LeA-coupled beads, a positional isomer that does not bind uncapacitated porcine sperm [18] .
Isolation of Oviductal Glycoproteins and Western Blotting
Cells from freshly collected oviducts (supplied by Calihan Pork Producers and Rantoul Foods) were centrifuged at 10 000 rpm for 10 min at 48C. The supernatant was discarded, and the resulting pellet was resuspended in ice-cold Nonidet-P40 Lysis Buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% NP-40) at a concentration of 10 7 cells/ml. The lysis buffer contained freshly added 10 lg/ m. leupeptin, 1 lg/m. pepstatin A, and 1 mM phenylmethylsulfonylfluoride (final concentrations). To clear the lysate, the cell suspension was centrifuged at 10 000 rpm for 10 min at 48C. To analyze secretions, oviductal fluid was collected by passing PBS through the oviduct. The samples were centrifuged at 10 000 rpm for 10 min at 48C. Protein concentration was determined by bicinchoninic acid assay. Aliquots containing 20 lg of protein were loaded into a 4%-20% gradient gel (BioRad). After electrophoresis, the resolved proteins were transferred to a nitrocellulose membrane. Membranes were incubated with the P12 mouse monoclonal antibody (EMD Millipore) that recognizes specifically Le X and then with a goat F (ab 0 ) anti-mouse IgM mu chain conjugated to peroxidase (Abcam Inc.). After washing, membranes were incubated with a peroxidase substrate (Thermo Fisher Scientific Inc.), and chemiluminescent signals were detected by an ImageQuant LAS 4000 (GE Healthcare Bio-Sciences AB). An IgM isotype control (Jackson ImmunoResearch Laboratories, Inc.) was used to control for nonspecific binding in addition to a minus-primary antibody control.
Immunohistochemical Localization of Lewis X Moieties
Immunohistochemical procedures were carried out on oviductal tissues fixed in neutral-buffered formalin. Each isthmus was equally divided into three regions. The lower region was situated 10 mm from the uterine-isthmic junction, the upper region was at the ampullary-isthmic junction, and the medial region was halfway between the lower and upper regions. Each isthmic region was approximately 20 mm long. The samples were embedded in paraffin in an automated Sakura Tissue Tek VIPE150 tissue processor (Sakura Finetek USA, Inc.). The paraffin blocks were sectioned as 4-lm specimens and placed onto microscope slides for further assessment of Le X structures. To assess nonspecific binding, two adjacent cross sections provided a positive-and a negative-primary antibody control. We used oviducts from four mature sows in the follicular phase of the estrous cycle and three in the luteal phase, collected from Calihan Pork Producers. The samples were deparaffinized and rehydrated according to standard hematoxylin and eosin (H&E) procedures. To unmask target structures, the sections were boiled (around 1008C) in 0.01 M citrate buffer (pH 6.0) for 10 min. The samples were placed at room temperature to cool for approximately 30 min. Endogenous peroxidases were inactivated for 15 min in a solution containing 0.3% hydrogen peroxide in methanol. Incubation of the samples with an anti-Le X mouse monoclonal (P12) antibody (EMD Chemicals, Inc.) at 1:50 dilution was carried out for 12 h at 48C. All immunoreactions were performed using a Vectastain Elite ABC kit (Vector Laboratories, Inc.). The sections were incubated with a biotinylated secondary antibody and avidin-peroxidase. The counterstaining was produced by hematoxylin. Detection of peroxidase was based on oxidation of 3,3 0 diaminobenzidine tetrahydrochloride. Dehydration, clearing, and mounting of slides followed standard H&E protocols. Results were documented using an Axioskop microscope (Zeiss, Inc.) coupled to an AxioCam HRc digital camera (Zeiss).
Sperm Binding Assay
For each experiment, isthmic epithelial cells collected from 15-20 oviducts were obtained from peripubertal gilts and sows slaughtered at Calihan Pork Processors or Rantoul Foods. We have not detected difference in sperm binding ability between oviduct cells collected from gilts or cycling sows. The oviducts were transported to the laboratory in PBS on ice. On arrival, the oviducts were washed once in PBS, and the remaining mesosalpinx was removed. The isthmus samples were individually transferred to a 100-mm Petri dish containing PBS, and a glass slide angled at 45 degrees was used to squeeze the oviduct and force sheets of epithelial cells out of the isthmus. The epithelial cell sheets were transferred to a 15 ml conical tube and centrifuged at 100 3 g for 1 min. The supernatant was removed, and the cells were disaggregated by passage through a 1-ml pipette tip 10 times. Partially disaggregated cells were washed in 5 ml of capacitating dmTALP (Cap-TALP; 2.1 mM CaCl 2 , 3.1 mM KCl, 1.5 mM MgCl 2 , 100 mM NaCl, 0.29 mM KH 2 PO 4 , 0.36% lactic acid, 0.6% Fraction V BSA, 1 mM pyruvic acid, 25 mM HEPES [pH 7.3], sterile filtered) and centrifuged at 100 3 g for 1 min. The supernatant was removed, and cell aggregates were passed through a 22-gauge needle 10 times for further disaggregation. The volume of the cell suspension was adjusted to 12 ml with dmTALP and divided uniformly into three 100-mm culture dishes. The cells were allowed to reaggregate for 90 min at 398C. Spherical aggregates (100-150 lm in diameter) were selected for the experiments.
About 30 spherical oviduct cell aggregates were selected and washed twice in 100-ll drops containing fresh Cap-TALP. A Stripper Pipette (MidAtlantic Diagnostics, Inc.) with a 250-lm-internal-diameter tip was used to collect oviduct epithelial cell aggregates and wash them. Depending on the experiment, either the cell aggregates were treated with antibodies that bind Le X or the sperm were treated with glycans to block sperm lectins for 30 min. After preincubation, sperm and oviduct cell aggregates were transferred to a drop containing a final volume of 50 ll with 5 3 10 5 sperm/ml for coincubation at 398C for 15 min to allow sperm binding to aggregates. Each group contained MACHADO ET AL.
three 50-ll drops with 10 oviduct cell aggregates each. Following incubation, the aggregate-sperm complexes were washed once with 30 ll of fresh Cap-TALP to remove unbound and loosely attached sperm and transferred onto a microscope slide with a volume of 3 ll so that each slide corresponded to one treatment and contained three 3-ll droplets (experimental units) with 10 aggregate-sperm complexes. The aggregate-sperm complexes were analyzed with an Axioskop microscope (Zeiss) and documented using an AxioCam HRc digital camera (Zeiss). The total number of sperm bound to the periphery of the oviduct cell aggregates was counted using AxioVision software V 4.5 (Zeiss) and divided by the linear periphery of the aggregate to normalize for difference in the aggregate size.
Statistical Analysis
To analyze the sperm-oviduct cell binding data and the fluoresceinated glycans binding to sperm, we used SAS software (ver. 9.1; SAS Institute, Inc.) to run a one-way analysis of variance using the General Linear Models procedure and the Tukey test for multiple comparisons. Results are presented as means 6 SEM, and differences were considered to be significant if P , 0.05.
RESULTS
Le X Trisaccharide Binds to Uncapacitated Sperm Head
Oviduct glycans involved in sperm adhesion would be expected to bind to the apical edge of the head of sperm prior to capacitation. We assessed the ability of Le X and related structures to bind uncapacitated porcine sperm. We incubated sperm with positional isomers 3-O-sulfo Le X (suLe X ) and 3-Osulfo Le A (suLe A ) linked to a polyacrylamide core labeled with fluorescein ( Fig. 1) . Fluoresceinated suLe X bound to 59% of uncapacitated sperm, while sperm capacitation reduced this binding to 8.6% (Fig. 2, open bars) . The labeled suLe X glycan bound to the anterior region of the sperm head that covers the acrosome in a larger percentage of uncapacitated than capacitated sperm (Fig. 1, A-F) . That the availability of receptors for Le X is reduced after capacitation is consistent with the paradigm that sperm are released from the sperm reservoir once capacitation is completed. Sperm [1] [2] [3] ) bound to only 4.8% of uncapacitated sperm, which was similar to the 4% of sperm that bound the disaccharide N-acetyllactosamine coupled to a polyacrylamide core [18] . Interestingly, binding to suLe A increased on completion of capacitation; 23% of capacitated sperm displayed fluorescence in the apical edge of the head due to binding of suLe A (Fig. 2, shaded bars) . Figure 1 , G-L, shows representative photomicrographs of uncapacitated and capacitated sperm stained for suLe A . Propidium iodide staining confirmed that .85% of the cells that bound glycans excluded the dye and were assessed as viable (data not shown).
The previous experiment showed that sperm could bind Le X structures in solution. To confirm that sperm could bind Lewis structures when the glycans were insoluble, which would require a higher affinity, we provided sperm with Sepharose beads to which specific glycans were attached. This experiment enabled us to measure binding of free-swimming uncapacitated sperm to this solid-phase binding matrix bearing either suLe X or suLe A . When sperm were incubated for 30 min with suLe Xcoated beads, an average of six attached cells were counted, whereas control suLe A -coated beads bound an average of 0.45 sperm per bead (Fig. 3) . Taken together, these data indicate that uncapacitated porcine sperm possess receptors that bind specifically to epithelial Le X glycan moieties.
Lewis X Localizes to the Porcine Isthmic Luminal Epithelium
Although Le X structures on an array, on beads, and in solution bound sperm, it was critical to confirm that the Lewis structures identified by mass spectrometry [18] were, in fact, Le X and not other types of Lewis structures. Furthermore, it was important to localize these motifs in the oviduct.
We collected oviducts from sows in the follicular and luteal phases of the estrous cycle [20] and performed an immunohistochemical localization of Le X -containing glycoproteins in upper, medial, and lower isthmic sections using a monoclonal antibody specific for Le X [21] . Le X was localized to the luminal surface of isthmic epithelial cells of all sections analyzed (Fig. 4) . Glycoproteins containing Le X were present on the isthmic epithelium in a punctate pattern. Quantitation of immunoreactive cells expressing Le X glycoconjugates revealed no differences in abundance in the isthmus at various stages of the estrous cycle (data not shown). Cells bearing Le X residues appear to be present in all section of the isthmus during follicular and luteal phases. Western blots of oviduct cell lysates showed a complex profile of glycoproteins containing Le X and confirmed that there was no difference in Le X abundance between oviduct cells or fluid collected from sows in the follicular and luteal phases (data not shown). Although Le X was detected in the isthmus, it was not found in the upper, medial, and lower sections of the ampulla (Supplemental Figure S1 ; all Supplemental Data are available online at www. biolreprod.org).
Lewis X Is Necessary for Normal Binding of Uncapacitated Porcine Sperm to Oviduct Cell Aggregates In Vitro
Earlier experiments demonstrated that Le X moieties are sufficient to tether uncapacitated porcine sperm [18] . To determine the necessity of Le X motifs in porcine sperm binding to isthmic cell aggregates, we conducted a series of competitive binding assays in which either the receptors for Le X on sperm or the epithelial glycan ligands were blocked using soluble sugars and antibodies, respectively. Treatment of oviduct cell aggregates with an anti-Le X antibody (P12) decreased the numbers of sperm bound to aggregates by 57%, whereas treatment with an IgM isotype control did not significantly affect sperm binding (Fig. 5) . Representative aggregates preincubated with IgM or with P12 are in Supplemental Figure  S2 .
To test the importance of putative Le X receptors, sperm were incubated with Lewis structures covalently bound to a polyacrylamide core. Soluble Le X or 3-O-sulfo Le X decreased the number of sperm bound to isthmic aggregates up to 61% (Fig. 6) Previous work demonstrated that biantennary a2,6 sialylated N-acetyllactosamine (bi-SiaLN) is required for normal sperm binding to oviduct aggregate cells [18] . We tested whether the concomitant use of bi-SiaLN and Le X glycans to block sperm receptors would result in additive or synergistic inhibition of binding. Preincubation of uncapacitated sperm with Le X and bi-SiaLN individually at intermediate concentrations reduced the number of sperm bound to oviduct cell aggregates by 29% and 32%, respectively (Fig. 7) . When these glycans were combined and preincubated with sperm, there was a 36% total reduction in sperm binding to isthmic aggregates, which was not different from the reduction PORCINE OVIDUCT LEWIS X GLYCANS BIND SPERM 
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observed when the glycans were used individually. Thus, at the concentrations used, we were not able to observe any additive or synergistic effect on sperm binding to oviduct aggregates when bi-SiaLN and Le X .
DISCUSSION
This work investigated the role of Le X in the establishment of the oviduct reservoir for porcine sperm. Our findings demonstrate that the luminal epithelium of the oviduct isthmus contains glycans with Le X motifs and that this trisaccharide binds to the sperm head and is necessary for normal binding of uncapacitated boar sperm to isthmic epithelial cells in vitro.
In previous work, we analyzed glycan components of oviduct epithelial cells from the isthmus through nanospray MS/MS [18] . Lewis structures were identified in N-and Olinked glycans and membrane glycosphingolipids. Although the mass spectrometry data identified Lewis structures in the oviduct, the specific linkages between monosaccharides that distinguish the different Lewis trisaccharides could not be determined. In the current study, we used an antibody specific for Le X structures and found that at least some of the Lewis structures in the oviduct were Le X and that molecules containing Le X were present in the oviduct as secreted and cell-associated glycoproteins. The pattern of glycoprotein expression during follicular and luteal phases was nearly identical in fluid and cell lysate (data not shown), suggesting that abundance of these glycoconjugates is not regulated by hormonal changes occurring during the estrous cycle. This finding is corroborated by the fact that Le X residues are also abundant in fluid and cell lysate collected from prepubertal females (data not shown). Some studies have also shown that sperm binding to the oviduct is not dependent on cyclicity [22] , but others disagree [23] . In agreement with earlier work [22] , we have not observed differences in sperm binding ability between oviduct isthmic cells collected from peripubertal gilts and sows at different stages of the estrous cycle [18] , suggesting that sex steroids have minimal influence on sperm binding and epithelial glycan abundance in the isthmus despite the effect they have on secretion of some oviduct proteins and fluid volume [4, 24] . Immunohistochemical analysis of oviductal tissue revealed that Le X localizes to the luminal isthmus. Immunoreactive cells were distributed in a punctate pattern along the isthmus, and, as in oviduct fluid, no quantitative differences were noted between luteal and follicular phases. The punctate staining pattern is in contrast to the location of biSiaLN in the oviduct, which is found more uniformly on the apical edge of the entire oviduct epithelium [18] .
In addition to being sufficient to tether highly motile sperm, Le X trisaccharide was necessary for oviduct cells to bind sperm fully. Blocking the sperm lectins with soluble Le X (sulfated and nonsulfated) reduced sperm binding to oviduct cell aggregates by 61%. Likewise, blocking Le X structures with a specific antibody decreased sperm binding by 57%. Soluble glycans did not inhibit binding completely. This is consistent with our observation that approximately 60% of sperm could bind fluoresceinated Le X . A potential explanation for these results are that the sperm are heterogeneous and that about 60% bind Le X . Alternately, the residual adhesion may be due to the function of other putative receptors, to the inability to block Le X completely, or to nonspecific binding (technical factors). It is clear that sperm also bind to another oviduct glycan, branched sialylated lactosamine [18] , and they may also use protein-protein-based adhesion to bind to the oviduct.
Our findings revealed that binding to glycan-coated agarose beads required specific glycan structures. Porcine sperm recognized very specifically the Le X trisaccharide and its sulfated version. Its positional isomer Le A , either soluble or attached to Sepharose beads (Fig. 3) , did not bind sperm. Thus, sperm binding to the glycan array [18] , to soluble fluoresceinated glycans, and to glycans on beads as well as inhibition of PORCINE OVIDUCT LEWIS X GLYCANS BIND SPERM sperm binding to oviduct cells all had similar structural specificity. These findings demonstrate that sperm lectins are able to determine very exquisitely which ligands to bind. The specificity with which sperm bind to glycans is common in other biological systems that involve cell adhesion and carbohydrate recognition, such as sperm binding to zona pellucida proteins [25, 26] , microorganism-host cell interactions [27] , lymphocyte homing [28] , and neoplastic cell recognition [29] . Intramolecular multivalency produced when glycoproteins have more than one copy of a glycan often boosts the overall affinity for cell receptors [30, 31] . The glycan array demonstrated that some monovalent glycans failed to bind sperm (sialylated lactosamine trisaccharide) as compared to a multivalent version, that is, biantennary glycans with sialylated lactosamine termini [18] . The Le X structures used in the current experiments were covalently attached to a polyacrylamide backbone, yielding a molecule with multiple copies of each specific glycan. The multivalent glycans bound to sperm and were potent inhibitors of sperm binding to oviduct cells.
In the current study, we found that Le X -binding sites were localized primarily to the apical region of the boar sperm head. Consistent with this result, others found that relevant carbohydrate binding sites were also localized to the same region in bull sperm [14, 32] . Le X binding varied with maturation status. Nearly all sperm lost their ability to bind Le X after capacitation (Fig. 2) . The few remaining sperm that bound Le X may have been incompletely capacitated. The loss in Le X binding during capacitation may at least partially account for release of capacitated sperm from the isthmus, allowing sperm to advance to the site of fertilization [4] . These results are consistent with the loss in the ability of capacitated porcine sperm to bind branched sialylated lactosamine [18] and with reduced ability of capacitated sperm to bind the oviduct in other species [33] [34] [35] . This decrease in glycan binding to sperm receptors suggests that the signaling cascade that regulates sperm capacitation might alter oviduct glycan receptor function. The observation that the number of sperm binding to suLe A increased after capacitation was a surprising finding. For this to be of functional importance, the cells and molecules that possess suLe A must be identified. In several species, the role of oviduct carbohydrates in the formation of a sperm reservoir has been suggested by the use of competitive binding experiments [11, 17, 32, 36] . Often only relatively simple saccharides have been used in competition experiments, frequently at high concentrations, which may not accurately determine the importance of the more complex glycans in the formation of the sperm reservoir. The most information about glycan-mediated porcine sperm binding to the oviduct is focused on the role of oviduct mannose residues [17, 37] . However, screening hundreds of glycans using a glycan array did not identify high-mannose oligosaccharides among those glycans that bound sperm [18] . In the current report, we tested glycan inhibition at much lower concentrations that are more likely to reflect the actual concentration of X individually or in combination. Loosely bound sperm were removed by washing, and attached sperm were counted and normalized by dividing by the length of the aggregate perimeter. Treatment with individual glycans reduced sperm binding; however, the combination of SiLN and Le X did not produce an additive effect on sperm binding. The asterisks represent significant differences from the control (P , 0.05).
PORCINE OVIDUCT LEWIS X GLYCANS BIND SPERM the glycans when attached to a molecule such as a larger glycan and glycoprotein [38] .
Interestingly, mass spectrometry showed that some specific biantennary oviduct N-glycans contained both sialylated lactosamine and Lewis structures as termini on the same large glycan structure [18] . It is not clear if there is one receptor that recognizes both glycan motifs or if there are separate receptors for each glycan. We tested the ability of the combination of Le X and bi-SiaLN to inhibit sperm binding to oviduct cells. Utilizing approximately half of the maximum inhibitory concentration of these glycans, Le X blocked 29% of sperm binding to oviduct cells, while bi-SiaLN reduced sperm binding by 32%. When combined, these two glycans eliminated 36% of sperm binding to oviduct cells. These results demonstrate that, in competitive assays, the combination of Le X and bi-SiaLN does not further inhibit sperm binding. The lack of a synergistic or additive effect of these two glycans suggests that they are competitively binding to unique receptors.
Previous studies using capacitated (not noncapacitated) mouse sperm have shown that they bind Le X trisaccharides [39] . When Le X was used as a competitor, it reduced binding of mouse sperm to the zona pellucida [40] . However, the interpretation of these results has been perplexing because the mouse zona pellucida is devoid of Le X [41] . Although Le X binds to the same location on sperm from both species, it is unclear whether Le X binding of capacitated mouse sperm is related functionally to Le X binding of uncapacitated porcine sperm.
We demonstrated that bi-SiaLN [18] and Le X trisaccharide (herein) are authentic oviduct glycans that bind sperm to form the sperm reservoir. Each is sufficient to bind sperm, and each is required for oviduct cells to bind sperm fully. Although sperm bind to oviduct glycans in a very specific manner, sperm binding to the oviduct is not necessarily required for fertilization [42] . But sperm-oviduct binding regulates the function of sperm, perhaps to maintain fertility in situations in which mating occurs well before ovulation. The oviduct epithelium and lumen are complex and dynamic, a challenging environment to understand fully. But this article is the first to show that 1) Le X binds to the apical ridge of the head of porcine sperm and that binding is reduced after capacitation, 2) Le X is found on the oviduct epithelium, and 3) inhibition of Le X inhibits sperm binding to oviduct cells. These results are an important step toward a clearer understanding of the elaborate interaction between sperm and the oviduct. This fundamental information may lead to practical outcomes, such as improved methods for lengthening sperm life span in the oviduct or improving sperm storage outside the oviduct.
